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RIIHULQJ WKHRSSRUWXQLW\ WR LPSOHPHQW DFFXUDWH FRQVWLWXWLYH IRUPXODWLRQVZLWKRXW UHTXLULQJ DSURJUDPPLQJFRGLQJ
EDFNJURXQG>@5HOHYDQWIRUWKLVVWXG\LVWKHLPSOHPHQWDWLRQRIVHYHUDOPDFURVFDOHPRGHOVRIGDPDJHDQGIDLOXUH
IRUYDULRXV W\SHVRIPDWHULDOV PHWDOVSRO\PHUV FRPSRVLWHV FRQFUHWHVHWF LQ VSHFLDOL]HG ILQLWHHOHPHQW DQDO\VLV
VRIWZDUHVXFKDV$EDTXV/6'\QDRU3$0&UDVK>@
,QWKLVZRUNDVWXG\RIWKHG\QDPLFIDLOXUHEHKDYLRXURISRO\PHUVLQSXQFWXUHLPSDFWZDVSHUIRUPHGQXPHULFDO
VLPXODWLRQVEHLQJUXQLQWKHFRPPHUFLDOVRIWZDUH$EDTXV7KHIDLOXUHRIWKHPDWHULDOZDVPRGHOOHGZLWKWKHKHOSRI
WZRGDPDJHLQLWLDWLRQFULWHULDWKHGXFWLOHGDPDJHFULWHULRQDQGWKHVKHDUFULWHULRQ%RWKRIWKHVHPRGHOVDVVXPHWKDW
GDPDJHRQVHWRFFXUVDWFHUWDLQFULWLFDOVWUDLQVIRUYDULRXVVWUHVVVWDWHV>@
7KHGXFWLOHFULWHULRQFRQVLGHUVWKDWWKHPDWHULDOLVGDPDJHGGXHWRWKHQXFOHDWLRQRIYRLGVZKLOHWKHPDWHULDOLV
VXEMHFWHGWRGHIRUPDWLRQOHDGLQJWRDUHGXFWLRQRIWKHHIIHFWLYHFURVVDUHDDQGVXEVHTXHQWO\DSURJUHVVLYHUHGXFWLRQ
LQWKHPDWHULDOVWLIIQHVVXQWLOIDLOXUHRFFXUV7KHFULWLFDOSODVWLFVWUDLQDWZKLFKWKHGDPDJHLVLQLWLDWHGLVFRQVLGHUHGD
IXQFWLRQRIWKHWULD[LDOVWDWHRIVWUHVVDQDGLPHQVLRQDOSDUDPHWHUWKDWDFFRXQWVIRUWKHSUHVVXUHFRPSRQHQWRIWKHVWUHVV
WHQVRUDQGWKH9RQ0LVHVHTXLYDOHQWVWUHVV7KLVSDUDPHWHUZDVLQWURGXFHGLQHYDOXDWLQJWKHIDLOXUHRIGXFWLOHPDWHULDOV
DIWHULWVODUJHUROHLQLQIOXHQFLQJFULWLFDOVWUDLQVZDVREVHUYHGLQDQXPEHURIVWXGLHV>@
7KH VKHDU FULWHULRQ FRQVLGHUV WKH GDPDJH RI PDWHULDOV UHVXOWLQJ IURP WKH IRUPDWLRQ RI VKHDU EDQGV GXULQJ
GHIRUPDWLRQ>@)RUWKLVPRGHOWKHFULWLFDOVKHDUSODVWLFVWUDLQLVFRQVLGHUHGDIXQFWLRQRIDSDUDPHWHUFDOOHGWKH
VKHDU VWUHVV UDWLRZKLFK DFFRXQWV IRU WKH K\GURVWDWLF SUHVVXUH WKH9RQ0LVHV HTXLYDOHQW VWUHVV DQG WKHPD[LPDO
WDQJHQWLDOFRPSRQHQWRIWKHVWUHVVWHQVRU>@
7KLVVWXG\LQYHVWLJDWHVWKHG\QDPLFIDLOXUHEHKDYLRXURIWZRSRO\DPLGHFRPSRXQGV7KHILUVWVWXGLHGPDWHULDOLV
EDVHGRQ3$DQGLWKDVEHHQVXEMHFWHGWRQXPHURXVH[SHULPHQWDOSURFHGXUHVDVLWFXUUHQWO\XVHGLQDSSOLFDWLRQVWKDW
DUHVXEMHFWHGWRLPSDFWORDGLQJVGXULQJVHUYLFH7KHVHFRQGPDWHULDOLVD3$EDVHGFRPSRXQGZKLFKLVDSRWHQWLDO
VXEVWLWXWHFDQGLGDWHRIWKH3$FRPSRXQG
7KHGHWHUPLQDWLRQRIFDOLEUDWLRQSDUDPHWHUVIRUWKHGDPDJHPRGHOVLPSOHPHQWHGLQILQLWHHOHPHQWDQDO\VLVVRIWZDUH
LVQRWVWUDLJKWIRUZDUGDVQXPHURXVORDGLQJVFHQDULRVDUHUHTXLUHGLQRUGHUWRREWDLQYDULRXVVWUHVVRUVWUDLQVWDWHV>@
7KHGHWHUPLQDWLRQRIIUDFWXUHSDUDPHWHUVUHTXHVWVWKHPDQXIDFWXULQJRIVSHFLPHQVZLWKSDUWLFXODUJHRPHWULHVZKLFK
LQWXUQUHTXLUHWKHPDQXIDFWXULQJRIUDWKHUFRPSOH[LQMHFWLRQPRXOGV,QRUGHUWRDYRLGWKHH[WHQVLYHFRVWVRIVXFK
SURFHGXUHVDUHYHUVHHQJLQHHULQJDSSURDFKLVSURSRVHGLQGHWHUPLQLQJWKHIUDFWXUHSDUDPHWHUVVWDUWLQJIURPPRUH
VLPSOHWHVWVHWXSVDQGXVLQJILQLWHHOHPHQWDQDO\VLVDVDPHDQVRIGHWHUPLQLQJWKHPDWHULDOSDUDPHWHUVE\FRPSDULVRQ
RIWKHH[SHULPHQWDOUHVXOWVZLWKVLPXODWLRQV
([SHULPHQWDOWHVWV
2.1. Tensile tests 
,QRUGHUWRGHYHORSPDWHULDOPRGHOVIRUWKHWZRVWXGLHGSRO\PHUVWHQVLOHWHVWVZHUHSHUIRUPHGLQRUGHUWRGHWHUPLQH
WKHVWUHVVVWUDLQUHVSRQVHRIWKHPDWHULDOV7KHEHKDYLRXURIWKH3$FRPSRQHQWZDVH[WHQVLYHO\VWXGLHGDQGWKH
UHVXOWVSUHVHQWHGLQRWKHUZRUNVIRUERWKPRQRWRQH>@DQGF\FOLFORDGLQJV>@7KHYLVFRHODVWLFQDWXUHRIWKH
SRO\DPLGHV GHWHUPLQH VWUDLQUDWH VHQVLWLYLW\ >@ WKH GHSHQGHQF\ RI WKH PHFKDQLFDO SURSHUWLHV RI WKH 3$
FRPSRXQGRQVWUDLQUDWHEHLQJSUHVHQWHGLQ)LJXUHD,QWKHFDVHRIWKH3$FRPSRXQGWKHRQO\DYDLODEOHVWUHVV
VWUDLQFXUYHLVWKHRQHSURYLGHGE\WKHPDWHULDOVXSSOLHUSUHVHQWHGLQ)LJXUHEIRUWHVWVSHUIRUPHGDWPPPLQ
HTXLYDOHQWVWUDLQUDWHRIV
2.2. Puncture impact tests 
7KHSXQFWXUH LPSDFW WHVWVZHUHRQDQ,QVWURQ'\QDWXSPDFKLQHRQPP[PPVTXDUHVKHHWVRIPP
WKLFNQHVVDFFRUGLQJWR,62>@7KHVWULNHUZDVHTXLSSHGZLWKDVWHHOF\OLQGHUZLWKDVSKHULFDOWLSDQGKDGD
FDUULHUPDVVRINJDGLDPHWHURIPPDQGLWZDVOXEULFDWHGZLWK9DVHOLQHEHIRUHHDFKWHVW7HVWVZHUHSHUIRUPHG
DWWZRVSHHGVPVDQGPVDQGDWDPELHQWWHPSHUDWXUH&7KHIRUFHGHIOHFWLRQJUDSKVDUHSUHVHQWHGLQ
)LJXUH7KHILUVWPDWHULDOH[KLELWHGDVHPLGXFWLOHEHKDYLRXUZKLOHWKHVHFRQGPDWHULDOH[KLELWHGEULWWOHIDLOXUHDW
PV,QWKHFDVHRIWHVWVSHUIRUPHGDWPVQHLWKHUPDWHULDOJRWSXQFWXUHGWKRXJKERWKH[SHULHQFHGVLJQLILFDQWSODVWLF
GHIRUPDWLRQV
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D3$DQGE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D       E
)LJ)RUFHGHIOHFWLRQJUDSKVIRUSXQFWXUHLPSDFWWHVWVDWDPVDQGEPV
6LPXODWLRQRYHUYLHZ
3.1. Model definition 
7KHILQLWHHOHPHQWPRGHOXVHGLQWKHVLPXODWLRQVZDVGHVLJQHGLQDFFRUGDQFHZLWKWKHH[SHULPHQWDOSURFHGXUHV
DQGFRQVLVWHGRIDGHIRUPDEOHSDUWDQGWZRULJLGLQVWDQFHVWKHSXQFKWRRODQGWKHVXSSRUW7KHGHIRUPDEOHSDUWZDV
GHVLJQHGLQDFFRUGDQFHZLWKWKHWHVWVSHFLPHQPP[PP[PPDQGZDVSDUWLWLRQLQVXFKDPDQQHUVR
WKDWDILQHUPHVKFRXOGEHDVVLJQHGWRWKHLPSDFWUHJLRQ6HFRQGRUGHUWHWUDKHGUDOHOHPHQWV&'0ZHUHDVVLJQHG
WRWKHSDUWDQGDPHVKFRQYHUJHQFHVWXG\ZDVSHUIRUPHGGHWHUPLQLQJDQDYHUDJHHOHPHQWVL]HRIPPLQWKHLPSDFW
UHJLRQDVRSWLPDOLQWHUPVRIDFFXUDF\DQGVLPXODWLRQWLPH7KHVWULNHUZDVGHVLJQHGDVDUHYROYHGDQDO\WLFDOULJLG
QRPHVKDQGFRQVLVWHGRIDF\OLQGHURIPPGLDPHWHUZLWKDKHPLVSKHULFWLS7KHVXSSRUWZDVFRQVLGHUHGDULJLG
ZDVKHUVKDSHGVKHOOSODWHZLWKPPH[WHULRUGLDPHWHUDQGPPLQWHULRUGLDPHWHUDQGZDVPHVKHGZLWKWKHKHOS
RIELOLQHDUULJLGTXDGULODWHUDOHOHPHQWV5'RIPPDYHUDJHVL]H
,QWKHDVVHPEO\WKHGHIRUPDEOHSDUWZDVSODFHGRQWRSRIWKHVXSSRUWSODWHDQGWKHVWULNHUZDVSRVLWLRQHGZLWKD
PPFOHDUDQFHRIWKHVSHFLPHQ7KHVXSSRUWZDVIL[HGDOOGHJUHHVRIIUHHGRPZHUHFRQVWUDLQHGDQGLQWKHFDVHRIWKH
VWULNHUDOOWKHGHJUHHVRIIUHHGRPZHUHFRQVWUDLQHGH[FHSWPRYHPHQWDORQJWKH<D[LV6XUIDFHWRVXUIDFHLQWHUDFWLRQV
ZHUHGHILQHGEHWZHHQWKHFRPSRQHQWVZLWKIULFWLRQFRHIILFLHQWVRIPHWDOSODVWLFEHWZHHQWKHVXSSRUWDQGWKH
VSHFLPHQDQGOXEULFDWHGEHWZHHQWKHVWULNHUDQGWKHVSHFLPHQ7KHVWULNHUZDVDVVLJQHGDPDVVRIWRQHV
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7KHPDVVRIWKHVSHFLPHQZDVFDOFXODWHGE\WKHVRIWZDUHDFFRUGLQJWRWKHGHQVLW\RIWKHPDWHULDODQGWKHYROXPHRI
WKH VSHFLPHQZKLOH WKH VXSSRUWGLGQRW UHTXLUHDQ\PDVVLQHUWLDEHFDXVHDOO LWGLGQRWKDYHDQ\DFWLYHGHJUHHVRI
IUHHGRP$JOREDOJUDYLWDWLRQDODFFHOHUDWLRQZDVGHILQHGZLWKWKHYDOXHRIPPVDFWLQJDORQJWKH<GLUHFWLRQ
7KHVLPXODWLRQVZHUHSHUIRUPHGLQWKUHHVWHSVDQLQLWLDOVWHSLQZKLFKWKHERXQGDU\FRQGLWLRQVZHUHGHILQHGWKH
VHFRQGVWHSZDVFRQVLGHUHGDSUHORDGLQJLWKDGDWLPHOHQJWKRIVDQGZDVXVHGWRDVVLJQDQLQLWLDOYHORFLW\WR
WKHFDUULHU7KHYDOXHRIWKHLQLWLDOYHORFLW\ZDVFDOFXODWHGZLWKWKHKHOSRIWKH*DOLOHR¶VODZRIXQLIRUPO\DFFHOHUDWHG
OLQHDUPRWLRQVRWKDWWKHVWULNHUZLOODFKLHYHLPSDFWVSHHGVRIPPVDQGPPVUHVSHFWLYHO\WKXV\LHOGLQJ
LQLWLDOYHORFLW\YDOXHVRIPPVDQGPPV,QWKHWKLUGVWHSWKHYHORFLW\ZDVGHDFWLYDWHGWKHPRWLRQRI
WKHVWULNHUEHLQJJRYHUQHGRQO\E\WKHGHILQHGJUDYLWDWLRQDODFFHOHUDWLRQ
3.2. Material models 
,QRUGHUWRLQFRUSRUDWHGDPDJHWKHPDWHULDOPRGHOVIRU3$DQG3$ZHUHFRQFHLYHGDVHODVWLFSODVWLFZLWK
LVRWURSLFHODVWLFLW\DQG9RQ0LVHVSODVWLFLW\,QWKHFDVHRIWKH3$FRPSRXQGIROORZLQJWKHKLJKYROXPHRIDFTXLUHG
VWUHVVVWUDLQ GDWD D UDWH GHSHQGHQW SODVWLF PRGHO ZDV GHYHORSHG WKH SURFHGXUH RI REWDLQLQJ WKH FRUUHVSRQGLQJ
KDUGHQLQJFXUYHVEHLQJGHWDLOHGE\ùHUEDQHWDOLQ>@$VLPLODUSURFHGXUHRIH[WUDFWLQJWKHKDUGHQLQJGDWDZDV
DSSOLHGWRWKH3$FRPSRXQGWHQVLOHVLPXODWLRQVGHWHUPLQLQJDYHU\JRRGDFFRUGDQFHZLWKWKHH[SHULPHQWDOGDWD
7KHGHQVLW\RIWKHPDWHULDOVZDVLQSXWLQDFFRUGDQFHZLWKWKHPDWHULDOVSHFLILFDWLRQVSURYLGHGE\WKHVXSSOLHUQDPHO\
āWRQHVPP
1XPHULFDOVLPXODWLRQV
4.1. Preliminary simulations 
7KHDLPRIWKHSUHOLPLQDU\VLPXODWLRQVZDVWRGHWHUPLQHVRPHWHVWSDUDPHWHUVLQWULQVLFWRWKHSXQFWXUHLPSDFWWHVWV
VXFKDVWKHVWUDLQUDWHRIWKHPDWHULDOWKHVWUHVVWULD[LDOLW\RUWKHVKHDUVWUHVVUDWLRDQGWRFDOLEUDWHWKHPDWHULDOPRGHO
LQWHUPVRIVWUHVVVWUDLQUHVSRQVHWRKLJKVWUDLQUDWHVDVZHOODVWKHGHWHUPLQDWLRQRIWKHGDPDJHSDUDPHWHUV
7KHILUVWVHWRIVLPXODWLRQVZHUHSHUIRUPHGRQWKHHODVWLFSODVWLFPDWHULDOVGHVFULEHGLQWKHSUHYLRXVSDUDJUDSKDW
LPSDFW VSHHGVRIPPV7KHVLPXODWLRQVGHWHUPLQHGD VWUDLQ UDWHRIDURXQGV$VH[SHFWHG WKH IRUFH
GHIOHFWLRQ UHVSRQVH SUHVHQWHG LQ)LJXUH D IRU 3$ DQG E IRU 3$ GHWHUPLQHG ORZHU UHDFWLRQV DV LQ ORZHU
VWLIIQHVVIRUERWKPDWHULDOVDVWKH\ZHUHFDOLEUDWHGIRUVWUDLQUDWHVRIDVKLJKDVRQO\VIRU3$DQGVIRU
3$
4.2. Calibration of material models 
$QDQDO\VLVRI)LJXUHDDQG)LJXUHVKRZVWKDW WKHSRO\DPLGHVEHKDYHVLPLODUO\DWGLIIHUHQWVWUDLQUDWHV WKH
VWLIIQHVVDQGWKHVWUHQJWKVRIWKHPDWHULDOVEHLQJSURSRUWLRQDOO\ODUJHUDWKLJKHUUDWHVRIGHIRUPDWLRQVZKLOHWKHVKDSH
RIWKHFXUYHUHPDLQVWKHVDPH&RQVLGHULQJWKLVDVSHFWWKHUHVSRQVHRIWKHPDWHULDOVDWVWUDLQUDWHVRIDURXQGV
ZDVREWDLQHGE\DXJPHQWLQJWKHVWUHVVVWUDLQUHVSRQVHVRIWKHPDWHULDOVXVHGLQWKHSXQFWXUHLPSDFWVLPXODWLRQZLWK
DIDFWRUFRUUHVSRQGLQJWRWKHGLYLVLRQRIWKHSHDNORDGRIWKHH[SHULPHQWVE\WKHSHDNORDGRIWKHVLPXODWLRQV
IRU3$DQGIRU3$7KLVVWUHVVVWUDLQUHVSRQVHZDVWUDQVSRVHGLQWRDQHODVWLFSODVWLFPRGHOIRUHDFKPDWHULDO
ZLWKWKHKHOSRIWKHSURFHGXUHPHQWLRQHGDERYH
$QHZVHWRIVLPXODWLRQVZDVSHUIRUPHGZLWKWKHWXQHGPDWHULDOPRGHOVWKHIRUFHGHIOHFWLRQJUDSKVIRUWKHWZR
PDWHULDOVEHLQJSUHVHQWHGLQ)LJXUHDDQGEUHVSHFWLYHO\,QRUGHUWRGHWHUPLQHGHGDPDJHLQLWLDWLRQSDUDPHWHUVWKH
IRUFHGHIOHFWLRQJUDSKVZHUHDQDO\VHGDQGGLYLGHGLQWRVHYHUDOUHJLRQVHDFKEHLQJFKDUDFWHUL]HGE\DSUHGRPLQDQW
PRGHRIGHIRUPDWLRQZKLFKGLFWDWHVWKHUHDFWLRQIRUFHV7KHJUHHQUHJLRQLVFRUUHVSRQGHQWIRUWKHHODVWLFGHIRUPDWLRQ
RIWKHVSHFLPHQWKHEOXHUHJLRQFRUUHVSRQGVWRSODVWLFGHIRUPDWLRQWKHSXUSOHUHJLRQREVHUYHGRQO\LQWKHFDVHRI
WKH3$FRPSRXQGFRUUHVSRQGVWRVOLSRIWKHVSHFLPHQWKURXJKWKHVXSSRUWDQGWKHUHGUHJLRQUHSUHVHQWVWKHPDWHULDO
IDLOXUH
7KHGDPDJHLQLWLDWLRQSDUDPHWHUVIRUGXFWLOHDQGVKHDUGDPDJHZHUHFRQVHTXHQWO\GHWHUPLQHGIRUERWKPDWHULDOV
RQWKHRQVHWRIIDLOXUHFRUUHVSRQGLQJWRDGHIOHFWLRQRIPPLQWKHFDVHRI3$DQGPPLQWKHFDVHRI3$
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 
D       E
)LJ)RUFHGHIOHFWLRQJUDSKVIRUSXQFWXUHLPSDFWWHVWVDQGSUHOLPLQDU\VLPXODWLRQVIRUD3$DQGE3$
 
D       E
)LJ)RUFHGHIOHFWLRQJUDSKVIRUSXQFWXUHLPSDFWWHVWVDQGVHFRQGVHWRIVLPXODWLRQVIRUD3$DQGE3$
7KHILUVWSDUDPHWHU UHTXLUHGIRU WKHGDPDJHPRGHOVGHILQLWLRQ LV WKHIUDFWXUHVWUDLQH[SUHVVHGDV WKHPD[LPXP
QRUPDOSODVWLFVWUDLQߝ௠௔௫
௣௟ LQWKHFDVHRIWKHGXFWLOHFULWHULRQDQGPD[LPXPVKHDUSODVWLFVWUDLQ߬௠௔௫
௣௟ LQWKHFDVHRIWKH
VKHDUFULWHULRQ7KHVHYDOXHVZHUHGHWHUPLQHGIURPWKHUHVXOWVRIWKHILQLWHHOHPHQWDQDO\VLVVLPXODWLRQVE\DQDO\]LQJ
WKHDERYHPHQWLRQHGVWUDLQVLQWKHIUDFWXUHDUHDRIWKHVSHFLPHQDWWKHJLYHQGLVSODFHPHQWRIWKHVWULNHU7KHIUDFWXUH
DUHDRIERWKORDGLQJVFHQDULRVWHQVLRQRQWKHERWWRPRIWKHVSHFLPHQDQGFRPSUHVVLRQRQWKHWRSRIWKHVSHFLPHQ
ZHUHDQDO\VHGWKHUHVXOWVEHLQJSUHVHQWHGLQ7DEOH
7KHVHFRQGSDUDPHWHUUHTXLUHGLQGHILQLQJWKHGDPDJHLQLWLDWLRQFULWHULDLVRQHUHODWLQJWKHVWUHVVVWDWHFKDUDFWHULVWLF
IRUHDFKPRGHRIIDLOXUH,QWKHFDVHRIGXFWLOHGDPDJHWKHUHTXLUHGSDUDPHWHULVWKHWULD[LDOVWDWHRIVWUHVVߟ>@ZKLFK
LVGHILQHGDVDIXQFWLRQRIWKHSUHVVXUHFRPSRQHQW݌RIWKHVWUHVVWHQVRU>03D@DQGWKHHTXLYDOHQW9RQ0LVHVVWUHVV
ߪ௘>03D@7KHWULD[LDOVWDWHRIVWUHVVFDQEHUHFDOOHGDVDILHOGRXWSXWLQ$EDTXVZLWKWKHKHOSRIWKHILHOGYDULDEOH
TRIAX >@7KHYDOXHVRIWKHWULD[LDOVWDWHRIVWUHVVLQWKHFULWLFDODUHDDUHSUHVHQWHGLQ7DEOH
,QWKHFDVHRIVKHDUGDPDJHWKHLQSXWVWUHVVVWDWHSDUDPHWHULVWKHVKHDUVWUHVVUDWLRߠ௦>@ZKLFKLVGHILQHGDVD
IXQFWLRQRIWKHHTXLYDOHQW9RQ0LVHVVWUHVVߪ௘>03D@WKHSUHVVXUHFRPSRQHQW݌RIWKHVWUHVVWHQVRU>03D@DPDWHULDO
SDUDPHWHU݇௦݇௦ ؆ ͲǤ͵>@>@DQGWKHPD[LPDOWDQJHQWLDOVWUHVV ௠ܶ௔௫>03D@6LPLODUO\WKHVKHDUVWUHVVUDWLRFDQEH
UHFDOOHGDVDILHOGRXWSXWLQ$EDTXVZLWKWKHKHOSRIWKHILHOGYDULDEOHSHRRATIO >@7KHYDOXHVIRUWKHVKHDUVWUHVV
UDWLRLQWKHFULWLFDODUHDDUHSUHVHQWHGLQ7DEOH


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7DEOH9DOXHVIRUWKHGDPDJHLQLWLDWLRQSDUDPHWHUVGHWHUPLQHGIURPVLPXODWLRQV
0DWHULDO /RDGLQJ
1RUPDOVWUDLQ
ߝ௠௔௫
௣௟ PPPP
6KHDUVWUDLQ
߬௠௔௫
௣௟ PPPP
6WUHVV
WULD[LDOLW\
ߟ
6KHDUVWUHVVUDWLR
ߠ௦
3$
7HQVLRQ    
&RPSUHVVLRQ    
3$
7HQVLRQ    
&RPSUHVVLRQ    

,QRUGHU IRU WKH IUDFWXUHRI WKHPDWHULDO WR WDNHSODFHGXULQJ WKH VLPXODWLRQ DQG WKHFRQVHTXHQWLDO UHPRYDORI
HOHPHQWV D GDPDJH HYROXWLRQ ODZPXVWEH VSHFLILHG$EDTXV DOORZV WZR W\SHVRIGDPDJH HYROXWLRQRQH WKDW LV
GHILQHGDVDIXQFWLRQRIWKHVWUDLQDWIDLOXUHߝҧ௙
௣௟>PPPP@DQGRQHGHILQHGDVDIXQFWLRQRIWKHIUDFWXUHHQHUJ\ܩ௙>-@
>@&RQVLGHULQJWKHGHILQLWLRQRIWKHGDPDJHHYROXWLRQODZV>@DQGWKHEHKDYLRXURIWKHWZRPDWHULDOV)LJXUHE
LW FDQ EH FRQFOXGHG WKDW WKH IUDFWXUH HQHUJ\ GHVFULEHG E\ WKH SRO\DPLGHV DIWHU WKH LQLWLDWLRQ RI GDPDJH FDQ EH
DSSUR[LPDWHGZLWK
4.3. Simulation results 
7KHIRUFHGHIOHFWLRQJUDSKVIRUWKHSXQFWXUHLPSDFWWHVWVFRPSDUHGZLWKVLPXODWLRQVZLWKWKHPDWHULDOPRGHOVWKDW
LQFRUSRUDWHGDPDJHDUHSUHVHQWHGLQ)LJXUHDIRUERWKFRPSRXQGVDWPPVDQGLQ)LJXUHEIRUPPV
7KHH[SHULPHQWDOYDOXHV IRU WKHSXQFWXUH IRUFHDQGSXQFWXUHHQHUJ\ IRU WKH WHVWVSHUIRUPHGDWPPVDUH
SUHVHQWHGLQ7DEOHDORQJZLWKWKHVLPXODWHGYDOXHVDQGWKHHUURUSHUFHQWDJH
7DEOH3XQFWXUHLPSDFWIUDFWXUHSDUDPHWHUV
0DWHULDO  3XQFWXUHIRUFH1 3XQFWXUHHQHUJ\-
 ([SHULPHQW  
3$ 6LPXODWLRQ  
 (UURU  
 ([SHULPHQW  
3$ 6LPXODWLRQ  
 (UURU  

 
D       E
)LJ)RUFHGHIOHFWLRQJUDSKVIRUSXQFWXUHLPSDFWWHVWVDQGVLPXODWLRQVZLWKLQFRUSRUDWHGGDPDJHIRUD3$DQGE3$SHUIRUPHGDW
PPV
103 Dan-Andrei Şerban et al. /  Procedia Engineering  109 ( 2015 )  97 – 104 
$FRPSDULVRQEHWZHHQ WKHFRQGLWLRQVRI WKHVSHFLPHQVDIWHUH[SHULPHQWVDQGVLPXODWLRQVZDVDOVRSHUIRUPHG
)LJXUHVKRZVWKHIUDFWXUHGVSHFLPHQVUHVXOWHGIURPWKHH[SHULPHQWDOSURFHGXUHVDQGIURPWKHVLPXODWLRQVIRUD
3$DQGIRU E3$DWPPV LPSDFWVSHHG)RU WKH WHVWVSHUIRUPHGDWPPV LPSDFW VSHHGQHLWKHU
VSHFLPHQV ZHUH JRW SLHUFHG WKRXJK VRPH UHPQDQW GHIRUPDWLRQ FDQ EH REVHUYHG $ FRPSDULVRQ EHWZHHQ WKH
H[SHULPHQWVDQGVLPXODWLRQVLVSUHVHQWHGLQ)LJXUHIRUD3$DQGIRUE3$,QWKHFDVHRI3$WKHUHPQDQW
GHIRUPDWLRQUHVXOWHGIURPWKHVLPXODWLRQVLVODUJHUWKDQWKDWUHVXOWHGIURPH[SHULPHQWDOSURFHGXUHVGXHWRWKHIDFW
WKDWWKHYLVFRXVQDWXUHRIWKHSRO\DPLGHFRXOGQRWEHPRGHOOHGDVWKHYLVFRHODVWLFIRUPXODWLRQLVLQFRPSDWLEOHZLWK
WKHSODVWLFLW\DQGGDPDJHVXERSWLRQVLQ$EDTXV>@,QWKHFDVHRIWKH3$FRPSRXQGWKHEULWWOHQDWXUHRIWKH
PDWHULDO GHWHUPLQHG WKH GDPDJH RI WKH LPSDFW DUHD WKURXJK FUHDVLQJ >@ EXW QR SLHUFLQJ RFFXUUHG ,Q WKH
VLPXODWLRQVWKHPDWHULDOGDPDJHLQWKHFULWLFDODUHDZDVPRGHOOHGWKURXJKWKHUHPRYDORIVRPHHOHPHQWVDQGVLPLODUO\
WRWKHH[SHULPHQWVWKHPDWHULDOZDVQRWSLHUFHG

 
D       E
)LJ)UDFWXUHGVSHFLPHQVIRUD3$DQGE3$SHUIRUPHGDWPPV
  
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
)LJ)UDFWXUHGVSHFLPHQVIRUD3$DQGE3$SHUIRUPHGDWPPV
&RQFOXVLRQV
7KLV VWXG\ LQYHVWLJDWHV WKHEHKDYLRXU LQSXQFWXUH LPSDFWRI WZRSRO\DPLGHFRPSRXQGVRQHH[KLELWLQJGXFWLOH
IDLOXUH3$FRPSRXQGZKLOHWKHRWKHUVKRZVEULWWOHIDLOXUH3$FRPSRXQG7KHJRDORIWKHUHVHDUFKZDVWR
GHYHORS DFFXUDWH PDWHULDO IRUPXODWLRQV WKDW FDQ EH VXFFHVVIXOO\ XVHG LQ ILQLWH HOHPHQW DQDO\VLV VLPXODWLRQV
3UHOLPLQDU\WHVWVZHUHSHUIRUPHGLQWHQVLRQLQRUGHUWRGHWHUPLQHWKHVWUHVVVWUDLQUHVSRQVHRIWKHPDWHULDOVDQGWR
FDOLEUDWH WKHPDWHULDOPRGHOV7KH FRQVWLWXWLYH IRUPXODWLRQVXVHG LQ ILQLWH HOHPHQW DQDO\VLV FRQVLVWHGRI LVRWURSLF
HODVWLFLW\ZLWKYRQ0LVHVSODVWLFLW\7KHPDWHULDOSDUDPHWHUVXVHGLQPRGHOOLQJGDPDJHDQGIDLOXUHZHUHGHWHUPLQHG
ZLWK WKHKHOSRI D UHYHUVH HQJLQHHULQJ DSSURDFKXVLQJSUHOLPLQDU\ VLPXODWLRQV WRGHWHUPLQH WKH VWUHVV VWDWHV DQG
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FRUUHVSRQGLQJ IUDFWXUH VWUDLQV UHTXLUHG DV LQSXW GDWD 7KH VLPXODWLRQV SHUIRUPHG ZLWK WKH GDPDJH LPSOHPHQWHG
PDWHULDOPRGHOV\LHOGHGDFFXUDWHUHVXOWVLQWHUPVRISXQFWXUHIRUFHSXQFWXUHHQHUJ\DQGPDWHULDOEHKDYLRXU
$FNQRZOHGJHPHQWV
7KLVZRUNZDVSDUWLDOO\VXSSRUWHGE\ WKHVWUDWHJLFJUDQW326'586RI WKH0LQLVWU\RI
1DWLRQDO(GXFDWLRQ5RPDQLDFRILQDQFHGE\WKH(XURSHDQ6RFLDO)XQG±,QYHVWLQJLQ3HRSOHZLWKLQWKH6HFWRUDO
2SHUDWLRQDO3URJUDPPH+XPDQ5HVRXUFHV'HYHORSPHQWDQGE\WKH&1&6±8(),6&',JUDQW31,,,'
3&(FRQWUDFWQXPEHU
7KHDXWKRUVZRXOGDOVROLNHWRH[SUHVVWKHLUJUDWLWXGHWRZDUGVWKH'HXWVFKH)RUVFKXQJVJHPHLQVFKDIW')*IRU
FRIXQGLQJWKLVUHVHDUFKLQWKH&ROODERUDWLYH5HVHDUFK&HQWUH6)%³7H[WLOH5HLQIRUFHG&RPSRVLWH&RPSRQHQWV
LQ)XQFWLRQ,QWHJUDWLRQ0XOWL0DWHULDO'HVLJQIRU&RPSOH[/LJKWZHLJKW$SSOLFDWLRQV´

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